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An X-ray study of highly oriented films of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) in the
L. phase is presented. The data describe the physical characteristics of the hydrophilic phosphorylcholine
headgroups and hydrocarbon chains in the L phase and show that the L — Lgr phase transition is characterized
by a change in hydrocarbon chain packing, tilt angle and direction. Also, 1D electron density profiles indicate
that L and dry Lgg bilayers differ significantly in the bilayer interface region from those in the Lg (molecular
tilt toward nearest neighbors) and hydrated Lgr (molecular tilt between nearest neighbors) phases.

Introduction

In 1980 Chen et al.2 observed a third phase transition centered
at about 18 °C in a DPPC multilamellar suspension using
differential scanning calorimetry (DSC). Until then, DPPC
suspensions were known to have only two thermotropic phase
transitions. The main gel-to-liquid crystalline phase transition
(T ~ 41 °C) and a broader so-called “pretransition” (T, ~ 35
°C). However this newly discovered phase was observed only
after Chen and co-workers? stored the multilamellar suspension
of DPPC at ~0 °C for several days. Since then, there have
been many experiments carried out to characterize the structure
of the subgel phase.3~!!

In excess water preparations,!? it is generally known that Lg
DPPC multilamellar vesicles have a lamellar periodicity (d) of
~64 A and characteristic wide-angle reflections at 1/4.2 A!
(020) and 1/4.1 A~1 (110).4513 However upon storage for
several days at 0 °C, a structural transformation occurs whereby
d decreases to 2259 A and the w1de-angle reflections have values
of 1/4.4 A™! (020) and 1/3.9 A-! (110)3-5 In addition,
reflections due to the ordering of the DPPC molecules in the
plane of the bilayer are also observed.!! This latter phase is
known as either the L or L phase, and it is generally accepted
that in maximally hydrated DPPC samples the Lg — L&
transition involves dehydration and hydrocarbon chain
reorganization.*~¢

In this paper we report a detailed structural investigation,
using X-ray diffraction, of the subgel L and gel Lg'# phases
of highly oriented samples of DPPC. We show that the Lo
samples, at *265% relative humidity, undergo a phase transition
into the Lgr phase and experience the following changes: (a)
Hydrocarbon chain lattice symmetry changes from oblique to
rectangular. (b) The chain tilt angle 6 with respect to the bilayer
normal is reduced. (c) Change in the lattice tilt direction from
fatty acid chains being tilted approximately toward nearest
neighbor to being tilted between nearest neighbor. On the other
hand, ~85% RH L. bilayers undergo a transition into the Lg
phase. In addition, 1D electron density profiles indicate that
L. and dry Lg bilayers differ significantly in the bilayer interface
region from those in the Ly phase which have been hydrated.
This difference is probably due to the absence of rapid
transitions of the diacylglycerol group between different mini-
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mum free energy states in the L and dry L phases. Finally,
the chain tilt angle 6 is greater in L bilayers compared to those
in the Lg; phase as a result of the hydrocarbon chains in the Lo
phase having a smaller cross-sectional area (~3%).

Experimental Section

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) was
obtained from Avanti Polar Lipids Inc. (Birmingham, AL) and
oriented on the surface of a 30-mL Pyrex beaker (No. 1000)
using a concentrated solution of DPPC and methanol which was
pipetted onto the surface of the beaker. After evaporation of
the methanol, a clear film of lipid was left adhering to the outside
of the beaker. The remainder of the methanol was removed by
placing the samples under a vacuum for 24 h, after which time
they were hydrated in ~100% relative humidity (RH) environ-
ment for a few days. 0% RH samples were obtained by placing
hydrated samples under a vacuum for 48 h. To obtain oriented
L. DPPC bilayers, samples were placed at 4 °C for 5 days.
The preparation of oriented bilayers on a curved glass surface
from a concentrated solution of methanol produces a stack of
~22000 highly oriented (<5° mosaic spread) bilayers. -

The experiments were caried out with an 18-kW Rigaku
Rotaflex RU300 rotating anode generator and a 2D Marresearch
imaging plate detector having a plate diameter of 180 mm and
a pixel size of 150 um x 150 um. Monochromation of the Cu
radiation was achieved using a flat graphite crystal having a
mosaic spread of 0.4 £ 0.1° fwhmpg) and the sample-to-film
distance was 185 & 1 mm. The spot size, as defined by three
sets of vertical and horizontal slits, was approximately 0.5 mm
x 0.5 mm. As a result of the 2D detector and curved sample
holder (X-ray beam passed through the sample tangent to the
vertical curved side of the beaker), we were able to obtain
simultaneously both in-plane structure (wide-angle reflections)
and the layer spacing (small-angle reflections, c*).

The sample holder (volume = 300 cm?®) was designed to
monitor and control both the RH and the temperature. For
samples at 20 °C, the RH was adjusted by varying the flow
rate of N, or N, through water in a gas washer before passage
through the sample holder. For samples at a relatively constant
humidity and various temperatures, the RH was adjusted by
either pure water (85 £ 10% RH) or an NaCl—water solution
(65 £ 10% RH). The RH was monitored by a digital
hygrometer (Vaisala HMI 31; Helsinki, Finland) and the
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temperature controlled by a Haake water bath (Berlin, Germany).
Our lower than expected values for the RH were due to the
presence of temperature gradients in our sample holder at
temperatures less than ambient.

Reconstruction of the Electron Density Profiles. An
experimental limitation lies in the fact that from a diffraction
pattern the intensities are recorded without information about
phase. However, in lipid bilayers and other lyotropic centro-
symmetric systems, it is possible to assign phases by swelling
the structure and mapping out the changes in intensity for the
various Bragg reflections.>™17 The phases of the various
reflections were determined by this method and reconstructing
the continuous transforms using the communication theory by
Shannon.!81® The continuous transform, Fg, is simply con-
structed by laying down the function Fy[(sin 7 dx)/m dx] at
points x = h/d (h = 0, 1, 2, ..., n) with the amplitude of the
function (Fy) being equal to the amplitude of the structure factor
at that point and adding. The sign of the amplitude is
determined by the phase. The amplitude of the structure factor
is the square root of the corrected intensity. Finally, the
intensities, I, were obtained by integrating the Bragg reflections
(along the c¢* axis), due to the stacked bilayers, after background
subtraction and corrected using a half-Lorentz correction; that
is, the intensities were multiplied by the order of the diffraction
peak, h.%0

For various RHs, the correct phase assignments result in a
family of transforms which give an appearance of simplicity
and uniqueness in the case where the motif (lipid bilayer) has
changed in a simple way during swelling (e.g., changes in the
hydrocarbon chain tilt angle with increasing hydration).!67 In
the case where there is no change to the motif as a function of
humidity, the calculated continuous transforms should lie on
top of each other.!” The zeroth-order amplitude, necessary for
the reconstruction of the continuous transforms but whose
accuracy is not crucial, was calculated by subtracting the electron
density of water from the average electron density of the bilayer
and multiplying by the repeat spacing.?!

Experimental Results and Analysis

In Figure 1 we present an electron density profile containing
1.5 bilayer units constructed to a resolution of ~4 A and a
corresponding model of a lipid bilayer having its hydrocarbon
chains tilted at an angle @ with respect to the bilayer normal.
The interpretation of 1D electron density profiles is by now
well understood.!6 The low electron density trough is attributed
to the terminal methyl groups while the maxima correspond to
the phosphate moieties of the polar phosphorylcholine head-
groups (highest electron density) and the ester groups of the
hydrocarbon chains. The methylene groups of the hydrocarbon
chains are depicted in the 1D profile as regions of relative
uniform electron density while the region between the two most
electron dense peaks is generally known as the “water region”.
The thickness of the water layer region gives some indication
of the relative amounts of water present in the sample.

Figure 2 shows diffraction patterns of L. bilayers (Figure
2a) at 17 °C having a repeat spacing (d) of 56.3 A (~65% RH)
and 58.7 A Lgr bilayers (Figure 2b) at 20 °C along with their
1D electron density profiles (insets). It is important to note
that diffraction patterns from L bilayers at 5 and 10 °C (not
shown) were similar to the diffraction pattern presented in Figure
2a. In both the L and Lgr phases, the diffraction maxima at
wide angles are in the form of short bars (parallel to c*) whose
lengths are >¢* (distance between two successive Bragg peaks)
giving an out-of-plane correlation length of <1 bilayer.!¢

In bilayer systems where the hydrocarbon chains of the lipid
are not tilted, one would expect two wide-angle maxima
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Figure 1. 1D electron density Xroﬁle showing 1.5 bilayer units
constructed to a resolution of ~4 A and a corresponding lipid bilayer
whose hydrocarbon chains are tilted at an angle 8 with respect to the
bilayer normal. The relatively flat portion of the profile corresponds
to the CH, groups of the hydrocarbon chains while the low electron
density troughs are due to the terminal CHs groups. The region between
the peaks due to the phosphate moiety of the polar phosphorylcholine
headgroup is generally known as the “water region” and changes with
changes in hydration.

centered on the equatorial axis (perpendicular to the c* axis).
However, both the L. and Lgr phases presented in Figure 2
exhibit off-equatorial reflections indicating that the hydrocarbon
chains of the lipid molecules in these phases are tilted with
respect to the bilayer normal.’* In the L. phase, the (020)
reflection has a maximum centered at ~5° off of the equator
while the off-equatorial (110) (=1/3.9 A~1) and (110) (~1/3.8
A~y reflections are unique, indicating that the unit cell is
oblique.2? In this case we have chosen an oblique centered unit
cell for continuity with the centered rectangular unit cell found
in all of the Lg phases. From the above wide-angle information
we can say that the hydrocarbon chains are tilted at an angle 6
of 34.2 + 1.0° toward a nearest neighbor in the (020) plane
(please see Appendix).

Figure 3a contains the continuous Fourier transforms, recon-
structed by use of the communication theorem, for DPPC
bilayers in the L. phase.'® The 1D electron density profile in
Figure 2a (inset) was obtained through the phase assignment
procedure mentioned in a previous section, and which makes
no assumptions about the structure of the system. The only
model-based calculation has to do with a rough approximation
of the zeroth-order amplitude. However, in the larger value
reciprocal space regions (>0.1 A1), where phase uncertainties
exist, the transform is practically free from the influence of the
zeroth order and as such, so is the model.!® In Figure 3a we
present a family of transforms, corresponding to L bilayers,
which expand uniformly in reciprocal space as a function of
hydration. This implies that with increasing hydration there is
a decrease in the thickness of the bilayer (the motif) as a result
of small changes to the tilt angles of the various L. bilayers.
This result is in agreement with the hydrocarbon chain tilt angles
which one can measure from the X-ray diffraction patterns
(please see Figures 2a and 6a). Attempting to change the phase
of a single reflection (e.g., ninth order + instead of —) results
in a “complicated” family of transforms which do not exhibit
any systematic change with hydration (Figure 3b). The 1D
electron density profile of 65% RH bilayers having a ninth-
order phase of + instead of — (Figure 2a inset) is given in Figure
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Figure 2. 2D diffraction patterns and 1D electron density distributions
(insets) of (a) 65% RH L. DPPC bilayers having a d spacing of 56.3
A at 17 & 2 °C; (b) 58.7 A Lge bilayers at 20 &+ 2 °C. The calculated
tilt angles 6 are 34.2 & 1.0° and 26.3 £ 0.5° for the L. and Lgr phases,
respectively. In the L¢ phase, the splitting angles measured from the
diffraction patterns due to the (020), (110), and (110) reflections are
5.0, 28.8, and 31.9°, respectively. The (020), (110), and (110)
reflections of the L. phase have 1/d spacings of 1/4.4, 1/3.9, and 1/3.8
A-1, respectively. For the Lgr phase, the splitting angles for the (110)
and (200) reflections are 14.1 and 26.3°, respectively. The (110) and
(200) reflections both have 1/d spacings of 1/4.1 A-l. The splitting
angle measurements contain an error of £0.5° while the d spacings
have errors of £0.3 A.

3c. Comparison of Figures 2a (inset) and 3c shows that the
biggest difference between the two electron density distributions
lies in the hydrocarbon chain region.

Although the procedure described for assigning phases by
Torbet and Wilkins!¢ makes no assumptions about the bilayer’s
structure, we feel that the use of such assumptions to tesf the
correctness of the phases and as such, the structure, are justified.
As mentioned previously, the most noticeable difference
between Figures 2a (inset) and 3c is to be found in-the
hydrocarbon chain region (0—15 A). Since the hydrocarbon
chain region in DPPC molecules consists of 14 CH> groups,
one would expect the electron density profile of a bilayer to be
rather uniform in this region. Of the two electron density
functions, the one that approaches the “expected” profile
corresponds to the structure whose phases were chosen by the
swelling procedure.

Going to the Lgr phase (Figure 2b), one can observe that
there are no reflections centered on the equatorial axis, implying
that there is a change in tilt direction from approximately nearest
neighbor in the L phase to next nearest neighbor in the Lgr
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Figure 3. (a) Continuous transforms of L DPPC bilayers at RH’s of
x65% (***), 70% (— — —) and 90% (—) having d spacings of 56.3,
57.1, and 59.0 A, respectively. (b) Same as (a) except the phase of
the ninth order is + instead of —. (c) 1D electron density distribution
of 56.3 A L. bilayers (65% RH at 17 = 2 °C) reconstructed to a
resolution of ~4 A using a phase of + for the ninth-order Bragg
reflecton.

phase.’* In addition, the tilt angle 6 decreases by about 10.7°,
compared to the L. phase (Figure 2a), to 26.3°. The two distinct
off-equatorial wide-angle reflections (1/4.1 and 1/4.2 A~ are
the result of the hydrocarbon chains packing in a centered
rectangular lattice.2? Significantly, in addition to the differences
in hydrocarbon chain packing between the L. (Figure 2a) and
Lgr (Figure 2b) phases, the 1D electron density profiles (insets
of Figures 2a,b) show that the peaks due to the phosphate moiety
of the phosphorylcholine headgroup and the ester groups to be
less resolved in the Lgr phase. This we believe is due to a
rapid interconversion, by a change of torsional angles in and
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Figure 4. 2D diffraction patterns of Lg phase DPPC bilayers at 20 =
1 °C and various RH’s, and their 1D electron density profiles (insets).
(a) 0 = 5% RH bilayers (Lgr phase) having a d spacing of 55.5 A6
of 22.0 & 0.5°, and a “water region” of 5.7 + 0.5 A; (b) 75 % 10%
RH bilayers (Lgr phase) having a d spacing of 58.6 A, 6 of 280 =
0.5° and a water region of 11.1 £ 0.5 A; (c) 95 + 10% RH bilayers
(Lg phase) having a d spacing of 59.9 A,a600f31.6 + 05° and a
water layer of 14.3 & 0.5 A.

near the glycerol backbone, between two (or more) minimum
energy conformations in the Lgr phase.

Figure 4 shows a series of 2D diffraction patterns from
oriented DPPC multilayers at 20 °C and various relative
humidities along with their 1D electron density profiles (insets).
At 0% RH (Figure 4a), the hydrocarbon chains forming a
centered rectangular lattice are tilted at an angle 6 of ~22.0°
(please see Appendix) toward next nearest neighbors!* (Lgp
phase, same as in Figure 2b). From the 1D electron density
distribution (Figure 4a inset), one can measure the phospho-
rylcholine headgroups being separated by a “water region”
which is 257 A thick. In addition, the two most electron-
dense peaks due to the ester groups and the phosphate moiety
of the phosphorylcholine headgroup are well resolved. At 75%
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Figure 5. (a) Continuous transforms of various Lg DPPC bilayers at
RH’s of ~ 0% (— — —), 75% (- **) and 90% (—) having d spacings of
55.5, 58.6, and 59.9 A, respectively. (b) Same as (a) except the phase
of the eighth order is + instead of —. (c) 1D electron density profile
of 55.5 A Lp bilayers (0% RH at 20 + 1 °C) reconstructed to a
resolution of ~4.5 A using a phase of + for the eighth-order Bragg
reflection.

RH (Figure 4b), there is no change in the lattice or the tilt
direction, although 6 increased by 6.0° to 28.0°. However, at
this humidity, the separation between the phosphate groups is
~11.1 A, indicating an uptake of water, and the peaks due to
the ester groups and phosphate moieties of the phosphoryl-
choline headgroups are no longer well resolved as was the case
in Figure 4a, even though the bilayers have not undergone a
phase transition (still in the Lgr phase as were the 0% RH
bilayers). This same effect has also been observed in the 1D
electron density profiles constructured by Torbet and Wilkins
at various relative humidities.'® '
Figure 5 is similar to Figure 3 and justifies the phase choices
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Figure 6. 2D diffraction patterns and 1D electron density profiles
(insets) of (a) 85% RH L. DPPC bilayers having a d spacing of 59.0
A at 15 & 2 °C; (b) 59.5 A Lg bilayers at 20 % 1 °C and 90% RH.
The calculated tilt angles 6 are 34.7 £ 1.0° and 31.5 =& 0.5° for the Lo
and Lg phases, respectively. In the Lo phase, the splitting angles
measured from the diffraction patterns due to the (020), (110) and (110)
reflections are 5.0, 29.3, and 32.3°, respectively. For the Lg phase,
the splitting angles for the (020) and (110) reflections are 0 and 27.3°,
respectively. The (020) and (110) reflections of the Ly phase have
1/d spacings of 1/4.2 and 1/4.1 A1, respectively. The splitting angle
measurements contain an error of 0.5° while the d spacings have errors
of £0.3 A.

used in calculating the different relative humidity electron
density profiles found in Figure 4 (insets). However, in this
case (Figure 5a) the transforms have expanded much more than
those in Figure 3a as a result of 6 increasing by ~10° from 0
to 90% RH. Effectively, increases in 6 result in a decrease in
the thickness of the bilayer causing the transforms to expand.
The transforms presented in Figure 5b were reconstructured
using an 8th order structure factor having a phase of + instead
of —. The “uniqueness” of the transforms in Figure 5a is
destroyed by this simple change (Figure 5b). Finally, Figure
5c shows the electron density distribution of 0% RH bilayers
constructed using a phase of + for the eighth-order reflection.

Experiments were also carried out with maximally hydrated
DPPC bilayers (d = 59.0 A at 15 °C) in the L. phase (Figure
6a), which may better represent the previous excess water studies
using powder samples.’>~10 This time the L+ — Lg phase
transition is not accompanied by a change in the molecular tilt
direction while the title angle 6 experiences a decrease of only
3.2° from 34.7° to 31.5°. In this case, the Lg DPPC bilayers!*
(Figure 6b) are practically identical in d spacing (59.5 R),
hydrocarbon chain tilt angle (31.5 & 0.5°), and molecular tilt
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direction (toward nearest neighbor) to the DPPC sample
presented in Figure 4c.

Discussion

In previous X-ray studies using powder samples to study Lo
DPPC bilayers, the (110) and (110) reflections (Figures 2a and
6a) were not differentiated, and as such the hydrocarbon chain
lattice was described as being orthorhombic.4>8 Only Cameron
and Mantsch,’ using Fourier transform infrared (FT-IR) spec-
troscopy, reported results in which the spectra of DPPC bilayers
in the L. phase resembled those found in triclinically packed
acyl chains. The triclinic packing motif yields a 2D oblique
subcell in the layer.?

Glycerol Backbown/Headgroup Differences between Hy-
drated L and Ly Bilayers. In the L phase (Figures 2a and
6a), we believe that most of the molecular motions near the
lipid interface are “frozen out” due to the formation of a 2D
molecular lattice.!! This transition between enantiomeric
conformations has been clearly observed in Ly bilayers using
31P and 2H nuclear magnetic resonance (NMR).2 An FT-IR
study on oriented samples of DPPC indicated that the rapid
interconversion model was compatible with the experimental
data and concluded that the orientation of the ester groups are
the same in dry, gel (Lg), and liquid-crystalline (Lo) bilayers.?*
Recently Dufourc et al.” using 3P NMR line-shape and
relaxation measurements, clearly demonstrated free rotation
about the P—O (glycerol) bond and hindered rotations about
the C;—C; and C;—O (glycerol) bonds of the glycerol backbone
in the Lg and Lo phases of dimyristoyl PC (DMPC). It was
pointed out that the hindered rotations in and about the glycerol
backbone were fast on the NMR timescale even in the Lg phase.
Of importance, is that in the Lg phase the amount of molecular
wobble about the bilayer normal was practically nonexistent
and the orientation of the headgroup remained unchanged in
all of the phases observed in DMPC bilayers.?> As such, the
L — Lgr (Figure 2) or L — Lg (Figure 6) phase transitions
result in the elimination of the 2D molecular lattice, thus
allowing the glycerol backbone to undergo various conforma-
tional changes and the phasphorylcholine headgroup to rotate
freely. The above-mentioned conformational changes to the
glycerol backbone will also cause displacement of the hydro-
carbon chains,?® possibly exposing more of the hydrocarbon
chain to the bilayer interface. Cameron and Mantsch® noted
that the spectrum for the C=O stretching band of Lo DPPC
bilayers resembled that of monohydrate and anhydrous DPPC.
This was not the case for hydrated bilayers in the Ls and Lq
phases. 52627

Changes in the Glycerol Backbone/Headgroup Region as
a Function of Hydration. 3'P NMR studies as a function of
water content and temperature have shown that the addition of
water increased the motion of the phosphate group at a fixed
temperature in Lg bilayers.?® It was also estimated that only
five molecules of water per lipid are necessary to give DPPC
the same physical characteristics of fully hydrated molecules.282
Dry Lg30 as well as Lo bilayers gave nonaxially symmetric 3'P
NMR spectra.? From the above spectroscopic information, one
would expect the 1D electron density profiles of L.- and dry
Lg bilayers to be similar and to differ from relatively well
hydrated Ly bilayers. Since the electron density distributions
for the different Ly phases found in Figures 2b and 4 (insets)
were calculated using 11—12 Bragg reflections, we recalculated
the L profile (Figure 2a) using 11 Bragg reflections, instead
of the original 14. This lower resolution electron density profile
of L bilayers is presented in Figure 7. As one can observe,
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Figure 7. 1D electron density profile of L+ DPPC bilayers found in
Figure 2a (inset) and reconstructed using 11 Bragg reflections instead
of the 14 used in Figure 2a (inset).

the electron density profile in Figure 7 compares favorably with
the dry Ly bilayers (Figure 4a), indicating that although water
is present in the Ly phase, the motions of the glycerol backbone
and the headgroup are restricted due to the presence of a 2D
molecular lattice.!! As such the electron density profiles seem
to be in qualitative agreement with the NMR data. Further
hydration to the Ly bilayers (Figure 4c) does not alter the shapes
of the peaks, in the electron density distribution, due to the ester
groups and phosphate moiety, consistent with the notion that
after some minimum hydration DPPC lipid molecules behave
similarly to those which are fully hydrated.?8-?°

Hydrocarbon Chain Tilt Angle 6. With the experiment
carried out using maximally hydrated DPPC bilayers in the L
phase (Figure 6a), it is important to note that the 6’s of 56.3 A
(Figure 2a) and 59.0 A (Figure 6a) L bilayers are practically
identical, while those of Lg bilayers change significantly as a
function of hydration (Figure 4) up to a limiting value of 32 &
1°.1331 [t should be pointed out that this limiting value of 6 is
achieved at less than excess water conditions!? as shown in
Figure 4c, in which 100% RH bilayers have a d spacing of only
59.9 A and a 6 of 31.6°. Levine concluded that there was no
change in 8 from ~7.2 waters/lipid to full hydration at ~10.2
waters/lipid.32 In a recent study, it was determined that at full
hydration Ly DPPC bilayers contain ~11.8 waters/lipid.® It
therefore seems that the formation of a molecular lattice!! in
the L. phase restricts the further binding of water molecules to
the headgroup region of the lipid and as such, 6 in the L~ phase
may be practically independent of the water molecules present
in the system, unlike Lg bilayers, whose continual binding of
water, up to a certain maximum, affects the hydrocarbon chain
tilt angle. However, we should stress that further experiments
in the low hydration regime of the L phase should be carried
out to verify this result.

Recently it was demonstrated, using PC’s whose chain length
was increased from 16 to 20 carbons, that 6 increased by 3° if
the area/hydrocarbon chain, measured perpendicular to the long
axis of the chains, decreased by 0.5 A2.13 If this is the case in
the Lo phase, the greater value of 6 in the L.- phase compared
to the Lg phase can be accounted for by the fact that the area/
hydrocarbon chain is ~3% less in L bilayers (Figure 6a) (19.1
+ 0.2 vs 19.7 + 0.1 A2?) compared to Ly bilayers (Figure 6b).

Concluding Remarks

We have found that the L — Lg phase transition involves a
change in hydrocarbon chain packing (oblique centered to
centered rectangular), tilt angle, and direction, depending on
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the initial hydration of the L. bilayers. In addition it was shown
that the electron density profiles of L. bilayers resembled those
of dry Lg bilayers in the bilayer interface region, consistent
with NMR data. We believe that the presence of a 2D molecular
lattice in the L phase inhibits the various conformational
changes that are normally undertaken in hydrated Ly bilayers.
Removal of practically all the water has the same effect as was
shown by the 1D electron density profile of dry DPPC bilayers.
The hydrated L bilayers (both Lgr and Lg; phases) differ from
the L and dry Lg bilayers in that they exhibit a greater mobility
at the bilayer interface, possibly resulting in the greater hydration
of the C=0 groups. Finally, it seems that the chain tilt angle
and direction in L. bilayers may be unaffected by changes in
hydration, unlike Ly bilayers.

Appendix

The calculation of the chain tilt angle 8, with respect to the
bilayer normal, from the measured splitting angles depends on
the direction of the molecular tilt in a given lattice. For example,
if the molecules are tilted between nearest neighbors (¢ = 0°)
(Figures 2b and 4a,b), then the azimuthal angle ¢ is related to
the tilt angle 6 by the following expression:

sin 9,q, = = cos 0° sin 6*

It is therefore clear that to a first approximation the splitting
angle v is equal to the tilt angle 6.

In the situation where we have an oblique lattice with a
molecular tilt toward (¢ = 30°) or very close to nearest
neighbors (e.g., Figures 2a and 6a), the problem is slightly more
complicated. First we must introduce the concept of lattice
spacings. In Figure 2a the diffraction pattern contains three
distinct wide-angle reflections labeled (020), (110), and (1 10).
The (020) reflection is practically centered on the equatorial
axis (perpendicular to c*) and thus has a repeat spacing (d) equal
to its lattice spacing. However, the lattice spacings of the (110)
and (110) reflections are given by their projections on to the
equatorial axis (axis perpendicular to the c* axis). In the
following formula, the projections for the various reflections
are labeled d’. The tilt angle @ is therefore obtained in the
following manner: )

2 d 0 \2 d\2
A Y ) 2(_@) 1
b d'1io d 110
where a and b are the 2D unit-cell dimensions. Since a and b

are both unknown, we need to independently solve for one of
the two. a can thus be obtained using

M(d no\2 (B o0 \2]2
= [a@.yd1-E== _(_0__2")
¢ ‘/( ) { az[(d' 110 d' 1o

b can then easily be solved from the previous expression of
a?/b?. The hydrocarbon chain tilt angle 6 is then given by

6 = [tan™\(tan ¥,3¢/sin ,jo) + tan” \(tan y;,¢/sin 0,0))/2

where, for example, sin w110 equals d'11¢/b and Y130 is the
splitting angle of the (110). The same calculations can be used
to obtain the lattice parameters a and b, and the tilt angle 6 for
an orthorhombic nearest-neighbor molecular tilt (¢ = 30°)
system (Figure 4c and 6b) except that now d’110 = d'1io-
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